Abstract-This letter demonstrates the applicability of the linear frequency resolved optical gating technique for the complete characterization of the fast dynamic response of semiconductor optical amplifiers (SOAs) when operating as wavelength converters. We have investigated both the cross-gain modulation and cross-phase modulation responses to short pump signals, using an SOA Mach-Zehnder interferometer in a pump-probe configuration. A blind deconvolution algorithm has then been used to retrieve the electric field profiles of both the signal and the gate function.
I. INTRODUCTION

S
EMICONDUCTOR optical amplifiers (SOAs) are of considerable interest as nonlinear optical processing devices, since they can facilitate such operations as signal regeneration and wavelength conversion. All-optical processing of signals in SOAs usually employs either cross-gain modulation (XGM) or cross-phase modulation (XPM). In the latter case, it is common to use integrated SOA Mach-Zehnder interferometers (SOAMZIs) in order to convert phase changes into intensity variations. As the signal repetition rates approach the operating bandwidth of the SOA devices, precise knowledge of the response of the devices (in both intensity and phase) becomes ever more crucial.
Previous measurements of fast SOA phase responses have either involved measurements of the alpha characteristic [1] or used interferometric setups [2] . While the alpha characteristic is a useful indicator, it does not provide a detailed appreciation of the phase profile of the SOA response. Interferometric setups on the other hand, can be quite involved and are prone to environmental instabilities. Frequency resolved optical gating (FROG) on the other hand, has already been established in the laser community as a reliable technique for the characterization of short pulses both in amplitude and in phase. since it provides high sensitivity, is highly stable, and its implementation requires only off-the-shelf all-fiberized equipment [3] . L-FROG has already been employed for the characterization of laser pulses, transmission signals [4] , and even for the measurement of the complex response of passive optical filters [5] . In this work, by measuring the response of an SOA-MZI to short pulses we demonstrate that L-FROG can readily be applied for the characterization of active devices. Using an SOA-MZI in a pump-probe configuration, we have investigated both the XGM and XPM response to short pump pulses. Through this study, we hope to provide a better understanding of the nonlinear behaviour of SOA devices which should aid the optimization of these versatile devices.
II. OPERATION SCHEME
The SOA response measurements were made on two 1-mmlong SOAs arranged in a five-port SOA-MZI (model 07.4059. LI1.WSP08 from Heinrich Hertz Institut), as shown at the top of Fig. 1 .
A gain-switched distributed feedback (DFB) laser diode was used as the signal source to produce 1551-nm pulses at 10 GHz. A length of dispersion-compensating fiber was used following the DFB laser to compensate for the chirps of the generated pulses. A Mach-Zehnder modulator (MZM) driven with an alternating bit pattern was used to halve the repetition rate of the pulse train from 10 to 5 GHz. The lower repetition rate was chosen to allow the SOAs sufficient recovery time and thereby to avoid patterning effects. It was not a limitation of the measurement technique. The 5-GHz pulse train was then split into two arms, one of which became the pump signal into the SOA-MZI. At launch into the SOA-MZI, the pump pulses were 4.5 ps (fullwidth at half-maximum) and have a time-bandwidth product of 0.66. A second continuous-wave (CW) laser signal at 1540.6 nm acted as the probe to the SOA-MZI. L-FROG is implemented by constructing the cross-correlation of the probe signal with a second (electrical) signal on an optical spectrum analyzer (OSA). To achieve this, the pulse train in the second arm was converted to electrical pulses with a 20-GHz bandwidth photodetector and used to drive a LiNbO MZM, where the cross-correlation (facilitated by temporal gating of the signal exiting from the SOA-MZI) took place. A variable optical delay in the gate arm of the L-FROG shifted the gating function and the signal to be measured with respect to each other to build up a spectrogram of the cross-correlation between the signal and the gate. Fig. 2 shows the measurements for an average input power of 10 dBm. The 5-GHz lines of our pulse train can be clearly seen stretching across the spectrogram as can the broadened spectrum on the leading and trailing edges. Note also that since the L-FROG is a spectrally resolved measurement, we can selectively measure only the signal pulse by choosing an appropriate wavelength range on the OSA. The measured spectrogram is then numerically processed to filter out the noise, extract the spectral envelope from the 5-GHz spectral lines, and resample to a 256 256 grid. The intensity and phase of both the signal and the gate pulses can then be effectively retrieved from the resampled spectrogram by performing a blind deconvolution. The deconvolution algorithm we used was a variation of the principle components generalized projection algorithm detailed in [6] .
III. XPM AND XGM EXPERIMENTS
The SOA gain dynamics are determined by the variations of the total carrier density and its energy distribution within the conduction and valence bands. Depending on the width of the pulses we introduce in the SOA, the dominating effect in the gain dynamics change.
When the SOA is operated using pulses as short as a few picoseconds, intraband effects become important. Furthermore, using short pulses the output pulse saturation energy is pulsewidth-dependent [1] . The shorter the pump pulses, the larger the compression associated with the intraband effects [7] . Then, the gain compression associated with the intraband transitions has similar magnitude as compared to the compression associated with the interband transitions. In order to use the SOA intraband fast dynamics for high-speed applications, the slow gain compression should be kept as small as possible because of its slower dynamics. Using subpicosecond pulses it is possible to keep the slow gain compression small, even for input pulse energies higher than . This is not possible in the case of longer pulses, where the slow gain compression would be much larger because of the much higher contribution of the interband effects on the SOA saturation [9] .
A. XGM
In this section, we describe measurements of XGM carved inverted and converted pulses using the L-FROG technique. For these measurements, we illuminated only SOA1 of the MZI-SOA (see Fig. 1 ). We measured the amplitude and phase of the probe using the L-FROG system. Fig. 3(a) shows the intensity and phase profile of the converted pulses when the pump pulses had an average power of 10 dBm. An inverted converted signal, typical of the XGM process, can clearly be observed. The phase profile shows that there is a large red shift (negative chirp) associated with the steep leading edge of the pulse and a smaller blue shift (positive chirp) associated with the shallow trailing edge of the pulse as a result of the slow response time. These phase changes arise from the nonlinear refractive index variations in the amplifier, and result in a chirp [1] . Similar intensity and phase profiles were obtained for different average pump input powers from 13 to 6 dBm (1.5-, 2.5-, 4-, 6-, 8-, and 10-mW peak powers). These intensity profiles can be seen in Fig. 3(b) . The plots are normalized with respect to the maximum power of the probe signal at the output of the SOA. The total gain compression is the ratio of the unsaturated probe level to the minimum of the probe transmission. As expected, both total and slow gain compression increases with increasing pump energy which is in agreement with the theory. The increase in total gain compression is mainly due to the increase of the plasma temperature in the active region, which is caused by the increase in pump energy. The slow gain compression increases because of the reduced carrier density due to the increasing stimulated emission. After compression induced by the pump, the gain shows a fast recovery, resulting from intraband effects, mainly carrier heating and spectral hole burning. Faster effects, like two photon absorption would only play a main role for shorter pulses (femtosecond). After the fast gain recovery, the gain is recovering toward the unsaturated value as a result of electrical pumping. This interband recovery becomes shorter for longer SOA devices and for higher electrical bias currents [1] . Typical values for the 10%-90% recovery time are less than 50 ps for 2500 m long, strongly biased SOAs, and up to 1 ns for shorter SOAs (250 m). We see that the measurements we have obtained with the L-FROG system are in agreement with this statement. Since the repetition rate in our measurements was 200 ps, at low powers, the gain was able to fully recover to its unsaturated value in the 1-mm-long SOA devices that we experimented with. Fig. 3(c) shows the peak chirp experienced by the pulse for increasing pump powers. We note that the peak chirp gradually increased from 30 to 105 GHz due to carrier-induced index changes. Since the recovery time due to intraband effects is affected by the input power, we have a variation of 75 GHz in the maximum observed chirp for 7-dB variation in power input. These and the previous results are in agreement with characterization measurements obtained using different techniques [1] .
B. Mach-Zehnder Configuration
Having measured the response of a single SOA, in this section, we use the L-FROG to look at the effect of using the wavelength-converted pulses in a Mach-Zehnder interferometric configuration. The input pulses were generated in the same way as for the XGM case, but we now operate the SOA-MZI with both SOAs active. The XPM we observed in SOA1 can now interfere with the CW output from SOA2, and be converted to intensity modulation. Thus, at the output of the SOA-MZI, we obtain pulses which are primarily dependent on the XPM in SOA1, but also receive some shaping from the gain compression.
In this part of our experiment, SOAs 1 and 2 were operated at current values of mA and mA, respectively. These currents were selected for out-of-phase operation of the SOA-MZI to give inverted pulses. This mode of operation yields an opposite sign in the frequency chirp of the converted signal to that obtained when the device is operated in the in-phase operation mode. Fig. 4 shows the L-FROG measured intensity profiles of the SOA-MZI output pulses. Average input peak powers between 10 and 4 dBm (3.8-, 4.5-, 6-, 8-, and 10-mW peak powers) were used to see the phase and amplitude dependence of the wavelength-converted output on input pump energy. We observe that as in the XGM case, both the total and slow gain compression increase with increasing pump energy. Likewise in Fig. 4(b) , the chirp of the output pulses is shown to increase with increasing pump energy.
Further, comparing the amount of frequency chirp induced in the probe signal at the output of the SOA-MZI to that measured after XGM only, we note that the chirp at the output is much lower than that observed in XGM.
This difference here is due to the interference at the output and is consistent with the theory presented in [9] . Since the output of the MZI is given by the difference between the fields of the two arms, the maximum chirp excursion is reduced. As a result, using the Mach-Zehnder configuration produces pulses with lower chirp than when using XGM alone and so is more favorable for fiber transmission applications.
IV. CONCLUSION
We have performed XGM and XPM characterization measurements of 1-mm-long SOAs operated in a single SOA and in Mach-Zehnder configurations. We have fully characterized the dynamic response of the SOA-MZI to short picosecond pulses at 5 GHz using an L-FROG system employing a fast LiNbO MZM as the sampling gate. Our measurements demonstrate the applicability of the L-FROG technique for the characterization of the dynamic response of fast optical devices, providing full phase and intensity profiling with good stability.
